The increase in electronic entertainment equipments within vehicles has rendered the idea of replacing the wired links with intravehicle personal area networks. Ultra-wideband (UWB) seems an appropriate candidate technology to meet the required data rates for interconnecting such devices. In particular, the multiband OFDM (MB-OFDM) is able to provide very high transfer rates (up to 480 MBps) over relatively short distances and low transmit power. In order to evaluate the performances of UWB systems within vehicles, a reliable channel model is needed. In this paper, a nomadic system where a base station placed in the center of the dashboard wants to communicate with fixed devices placed at the rear seat is investigated. A single-input singleoutput (SISO) channel model for intra-vehicular communication (IVC) systems is proposed, based on reverberation chamber theory. The model is based on measurements conducted in real traffic conditions, with a varying number of passengers in the car. Temporal variations of the wireless channels are also characterized and parametrized. The proposed model is validated by comparing model-independent statistics with the measurements.
Introduction
Interest in wireless personal area networks (WPANs) for intravehicle communications (IVCs) has significantly increased. In addition to sensor networks used to perform vehicle maintenance (tire pressure, oil levels,. . .), WPANs are considered as a possibility for interconnecting entertainment equipment within the vehicle. Currently, electronic devices (e.g., DVD players, positioning devices, mobile phones,. . .) are connected using wired or fiber-optic links. The replacement of those wired links by wireless networks will decrease installation cost and time and increase the network flexibility. In this paper, a nomadic system is investigated: the base station is placed in the center of the dashboard and wants to communicate with fixed devices placed at the rear seat.
To enable high connectivity, a solution must be found that provides sufficient data rate, has low power consumption, and if possible, has low cost. One potential candidate is the Ultra-wideband (UWB) technology, and in particular the Multi-Band Orthogonal Frequency Division Multiplexing (MB-OFDM). The MB-OFDM is standardized by the European Computer Manufacturers Association (ECMA) under the standard ECMA-368 [1] . The standard allows communication in the 3.1 to 10.6 GHz frequency band and defines different transmission modes to support high data rates (up to 480 Mbps). Another emerging solution that can offer sufficient data rate is the 60 GHz communication systems, which operates in the 57-66 GHz band. Currently, different alliances and consortiums have published their own standard or specification such as the ECMA [2] , the Wireless HD consortium [3] , and the Wireless Gigabit Alliance [4] .
In order to evaluate the performance of MB-OFDM systems within vehicles, a reliable UWB channel model is needed. This model has to include the specific propagation characteristics of IVC environments. Several studies have started to investigate the IVC-UWB channel [5] [6] [7] [8] [9] [10] [11] . In [5] , the authors present experimental results on the rms delay spread for two types of vehicles with different numbers of passengers and with different antenna's locations. In [6] , the UWB impulse channel and in particular the rms delay spreads are investigated with and without passengers. Results on the interference outside the car were presented showing that the inference is relatively small. Spatial characteristics of the IVC channel are investigated in [7] . In [8] , the authors extract some large-and small-scale parameters from measurements in an empty and an occupied car. The effect of the type of car on these parameters was further studied in [9] . In [10] , the authors present a performance comparison between the UWB MB-OFDM systems and the 60 GHz technology. Finally, in [11] , measurements were carried out in the 60 GHz band, with and without passengers, and with closed and open doors.
However, none of these papers propose a channel model that suits well for the scenario investigated here and that can be easily implemented for performance evaluation. In [12, 13] , the propagation parameters inside a car were investigated and comparison between two environments were presented. Based on those results, more measurements were taken in real traffic conditions in different environments and with another car. The aim of this paper is to complete the single-input single-output (SISO) channel model for IVC environment in this nomadic scenario. The channel model is based on measurements taken in real traffic condition and for a varying number of passengers (from 1 to 4 passengers). The paper is organized as follows. In Section 2, the measurement setup, a preliminary study of the channel's first-and secondorder statistics and a comparison with the reverberation chambers are presented. Section 3 presents the structure of the SISO channel model, the channel model parameter extraction, and the temporal behaviour of the channel. In Section 4, it is briefly explained how the proposed model can be implemented. Section 5 validates the proposed model, and finally Section 6 concludes the paper.
Experimental Investigation

Experimental Setup.
The measurements were carried out inside a common urban Peugeot 207 car (4030 mm × 1970 mm × 1465 mm). Three different measurement sites were chosen in order to compare the influence of different environments on the IVC propagation. The first site was a large avenue with two lanes in each direction separated by a central cleared area. The second measurement site consisted of a set of narrow streets with one-way traffic and streets with one lane of traffic in each direction. The third measurement site was a highway, with three lanes in each direction. The measurements were carried out in normal traffic condition (traffic lights, passing, stopping,. . .) and at different speeds depending on the environments. For the first environment, the average speed was 50 km/h, 30 km/h in the narrow streets and 120 km/h on the highway.
For each environment, measurements were made by varying the number of passengers from 1 to 4 people. The seats at the front of the vehicle were first filled, then the seats at the rear. To be the most realistic, the passengers' movements were like in a normal situation for car travel.
As mentioned previously, a nomadic system was investigated: the transmitter was placed in the center of the dashboard and the receiver was placed behind the driver's seat. There was no line of sight between the two antennas, and the distance between the antennas was approximately one meter. The location of the antennas and the different positions of the passengers are shown in Figure 1 . For each configuration of passengers, ten sets of measurements were taken. The channel frequency responses were collected with a Rohde & Schwarz ZVL vector network analyzer (VNA), with omnidirectional broadband SMT3TO10M SkyCross antennas. The VNA was placed in the trunk of the car to avoid any interaction with the measurements. The measurements were made in the first frequency band of the MB-OFDM standard [1] , from 3.168 to 4.752 GHz, with a 3 MHz frequency step. The transmitted power was set to 4 dBm, and the IF-Bandwidth was set to 10 kHz. 
Observations.
Comparisons of Power Delay Profiles (PDPs) for the different environments and different number of passengers are shown in Figure 2 . It can be seen that the PDPs decrease linearly in dB, as can be observed in diffuse channels [14] or in reverberation chambers [15] . No significant differences can be observed between the PDPs for the different environments, but a faster attenuation occurs when the number of passengers is increased. This observation is confirmed by the rms delay spread values reported in Figure 3 (a), where only paths with relative power less than −30 dB compared to the peak value are considered. As can be observed, values of the rms delay spread decrease with the number of passengers. The mean values are around 9 ns for 1 passenger and around 5 ns for 4 passengers. For each scenario, the standard deviation is around 0.4 ns. In [12, 13] , the rms delay spread was around 7 ns for 1 passenger and decreased around 4.5 ns for 4 passengers. Those values are comparable with those presented in Figure 3 (a). The small differences between the measurements can be explained by the fact that the cars used for the measurement were not the same. In [12, 13] , the car was a station wagon, while in this study, the car is a supermini. The different IVC environments' sizes and the different reflective properties of the windows can be some explanations. The different antenna's location can also explain the small differences.
In Figure 3 (b), the narrowband path loss for all scenarios is presented. It can be seen that the path loss also depends on the number of passengers in the car. Again, the values are quite similar for all types of environments. The mean values are around −50 dB for 1 passenger and around −57 dB for 4 passengers. For each scenario, the standard deviation is around 0.5 dB. For each number of passengers and for every environment, values of the rms delay spread and the path loss are distributed according to normal distributions.
In order to statistically compare the results of the different environments, Student's t-tests were performed between measurements of each environment and a global set including the measurements of all environments. The t-tests revealed that there are no significant differences between the different environments and the global set, meaning that there are no statistical differences between the environments. Mean values and standard deviations of the rms delay spreads and path loss for the global set including the measurements of all the environments are given in Table 1 .
The results indicate that the propagation inside the car is independent of the environment outside the car. Only what happens inside the car (e.g., number of passengers, size of car, etc.) will have an impact on the IVC channel so confirming [12, 13] . In the following sections, the channel statistics and parameters will be extracted from the global set of measurements, without separating the different environments.
From an electromagnetic point of view, the intravehicular environment can be considered as a loaded cavity or a loaded reverberation chamber (RC) [15, 16] with low Q-factor. The PDPs presented in Figure 2 indicated that the car acts like the RC as a confined and highly reflective environment. The presence of the seats, plastic, and other stuff in the car can be seen as the absorber while the passengers can be considered like a stirrer moving randomly that interacts with the radiated energy (a stirrer is a mechanical blade placed within the reverberating chamber).
In Figures 3(a) and 3(b) , the rms delay spreads and the path losses dependences with the the number of passengers were presented. In both cases, the parameters decrease with the number of passengers. Those dependences indicate that, in this frequency range, the human body does not reflect all the energy but absorbs a nonnegligible amount of energy, as expected. This means that the human body acts also like absorbers that lower the Q-factor.
IVC SISO Channel Model
Channel Model.
In tapped-delay line models [17] , the channel impulse response h(τ, t) is given by
where τ k denotes the delay of each tap k with complex amplitude α k and δ(τ) denotes the Dirac function.
In [18] , the author expresses the wireless channel in a loaded reverberation chamber as the sum of two components: the direct component and a component associated with the energy that interacts with the stirrer. This latter is Rayleigh distributed, and it can be interpreted as the diffuse component. The proposed model for IVC channels is based on this approach. The impulse response is written as the sum of a coherent component h c and a diffuse component h d :
where, by denoting · t , the average over time
For a given delay τ, from (2) and (3), the diffuse power is
where Var[·] t denotes the variance over time and, Re(·) and Im(·) denote the real and imaginary part, respectively. For each tap, |h(τ, t)| has a Rice distribution characterized by a Rice factor K(τ):
where ν(τ) and σ(τ) are the parameters of the Rice distribution.
Using (3) and (4), the powers of the coherent and the diffuse components for each scenario are extracted. Figure 4 presents the case with two passengers. In [14] , the authors present an exponential model that suits well to describe the diffuse component. In the delay-domain, the PDP of this model for an infinite bandwidth, ψ d (τ), is given by
where τ represents the delay, τ d is defined as the base delay, α d is the maximum power, and B d is the decay factor. Here, B d is equal to the inverse of the rms delay spread of the diffuse component and α d is given by
where P d is the total power of the diffuse component and BW is the bandwidth (given in Section 2.1). The last parameter, τ d , is found using a least squares estimator [14] . The approximation of the diffuse component with the model (6) is shown in Figure 4 . For each sets of measurements, the parameters of the diffuse component (6) as a function of the number of passengers were extracted. The mean values and the standard deviations are given in Table 2 . It can be observed that the values for the rms delay spread of the diffuse component decrease with the number of passengers. For the same case with two passengers, the measured Rice factor K(τ) of all the measurements' sets is shown in Figure 5 (a). As can be observed, a linear regression matches the mean value decrease. The distribution of all the mean values around the linear regression is normal (in dB), with a standard deviation σ 1 of about 3 dB for all scenarios. Figure 5 (b) presents a detailed view of the measured Kfactors. As it can be observed, the measured K-factors present, for each delay, a normal distribution (in dB) around the mean value. The mean standard deviation, represented by σ 2 on Figure 5(b) , is about 3.5 dB. The mean K(τ) factor model, in dB, is given by where χ 1 has a normal distribution N(0, σ 1 ). The K(τ) factor model in dB, for one set of measurement, is then given by
where χ 2 has a normal distribution N(0, σ 2 ). The experimental parameters used to characterize the diffuse component and the K-factors are summarized in Table 2 .
In order to ensure that the amplitude and the phase of the impulse responses' taps can be modelled separately, the correlations between them were extracted. The results show that there is no significant correlation between the amplitude and the phase of the impulse responses' taps. KolmogorovSmirnov (KS) tests, with a level of significance of 5%, were performed between, respectively, the coherent component's phases φ c and the diffuse component's phases φ d , and a uniform distributions between −π and π. The tests results indicate that, in more than 95% of the cases, there were no significant differences between the samples and the uniform distribution, meaning that φ c and φ d can be modelled by random variable taken from a uniform distribution between −π and π. This shows that the amplitude of the impulse responses' tap can be well modelled separately from the phase, and this latter can be added after such as presented in Section 4. In this paper, the following notation is used for the correlation coefficient ρ XY :
Correlations.
where X(x 1 , . . . , x n ) and Y (y 1 , . . . , y n ) are two sets of data with the same length. These sets are defined either in the delay-or in the time-domain.
Delay Correlation of the Diffuse Part.
The two data sets are defined as
where N represents the maximum number of taps. A typical result for the delay correlation for the diffuse part is drawn in Figure 6 . As can be observed, only correlations between adjacent taps (taps i and j = i + 1) have a value higher than 0.5. For all scenarios, the mean value for this 6 International Journal of Antennas and Propagation Number of passengers correlation coefficient is about ρ d = 0.5. The other correlation coefficients are smaller and can be neglected. In Sec-tion 4, it will be shown how this can be included into the model.
Temporal Autocorrelation of the Diffuse part.
Time ( where M denotes the maximum number of sweeps (see Section 2.1). A typical example is presented in Figure 7 . In this figure, only the first 25 taps are shown, but the behaviour for the other taps is identical. It can be seen that all taps present an autocorrelation in the time domain that can be modelled with an exponential decay. Since all taps show a similar behaviour, the auto-correlation function has been averaged of all taps (within one measurement's set). The averaged correlation is drawn in Figure 8 . It is fitted with an exponential model expressed by
The parameter γ has been obtained for each scenario by using a least squares estimator on the correlations between 1 and 0.5. Values for γ are given in Table 3 . As expected, the temporal correlations decrease with the number of passengers.
Model Implementation
To summarize the description of the model, a brief summary of the model implementation is presented.
(A) For every sets of channel impulses' responses, for each tap k (with delay τ k ), the mean K(τ k ) factor is generated using (8) and values given in Table 2 .
(B) For each set and for each tap k (with delay τ k ), the impulse responses can be sequentially generated by the following steps:
(1) From (6) and values given in Table 2 , ψ d (τ k ) is generated. σ k is then given by
(2) From the previously generated K(τ k ) and from (9), K(τ k ) is generated using the values given in Table 2 . ν k is then given by
(3) The diffuse component of the impulse responses h d (τ k , t) is generated recursively, as explained in the appendix.
(4) The coherent component of the impulse response h c (τ) is generated
where φ c,k is random variable with a uniform distribution between −π and π.
(5) Finally, the impulse response is given by the sum of coherent and diffuse components:
Model Validation
In order to validate the model presented previously, comparisons between measured and simulated channels were performed. The rms delay spread, the path loss, and the coherence bandwidth were evaluated. The coherence bandwidth is given by the frequency auto-correlation evaluated at 0. The comparison of the rms delay spread and path loss are, respectively, presented in Figures 9(a) and 9(b) . Those parameters were extracted such as for the measurements presented in Section 2.2. As it can be observed, the mean values of the parameters derived from the simulations well match the mean values of the measurements. The standard deviations are a slightly higher in the simulations but the differences are very low. For the measurements, the standard deviations (presented in Table 1 ) are around 0.4 ns for the rms delay spread and 0.5 dB for the path loss. For the simulations, the standard deviations are around 0.6 ns for the rms delay spread and 1.3 dB for the path loss, which are very close. In Figure 9 (c), the comparison of the coherence bandwidth is presented. The standard deviations are in both cases around 3 MHz.
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The results presented previously show that the parameters extracted from the simulations do not differ significantly from the measurements. Some small differences (<10% relative error) can be observed between measured and simulated channels but, in general, there is a good matching between the measurements and the model, meaning that this model can be applied for these scenarios.
Conclusion
In this paper, the UWB wireless communication channel inside a car has been investigated. A channel model, based on the reverberation chambers theory, has been proposed, that splits the channel into a coherent and a diffuse component. A measurement campaign has been conducted to extract parameter values for the model. A preliminary study of the channel's first-and-second order statistics showed that the influence of the environment outside the car is negligible, whereas the influence of the number of passengers significantly changes the propagation environment. The timeand delay-correlations for the diffuse component were also extracted from the measurements. It could be observed that delay-correlation is only significant between adjacent taps, while temporal correlation can last as long as a few hundreds of milliseconds. Finally, the model was successfully validated by comparing generated and measured channel statistics.
